In the present study we have investigated the reorganization of the sarcolemmal phospholipids during the first 60 minutes of simulated ischemia ("ischemia") as induced by anoxia, volume restriction, and nutrient deprivation. Experiments were carried out on [3H] acetate-labeled neonatal rat cardiomyocytes and isolated (nonradiolabeled) sarcolemmal membranes obtained from the same culture system. After 60 minutes of "ischemia," cellular high-energy phosphate (ATP) levels had decreased to approximately 40% of the control values, but no significant phospholipid hydrolysis was detected. Labeling experiments using the nonpermeant (primary amine-containing phospholipid) probe trinitrobenzenesulfonic acid and nonlytic treatment with (different) exogenous phospholipases A2 were both indicative of a shifted transbilayer distribution of the hexagonal,, phase-preferring and fusion-promoting sarcolemmal phosphatidylethanolamine in favor of the outer membrane leaflet. This specific change in sarcolemmal phospholipid asymmetry preceded the loss of integrity of the sarcolemma, monitored by the release of lactate dehydrogenase as well as by scanning electron microscopy. It is proposed that, in addition to the previously reported lateral phospholipid reorganization, uncontrolled transbilayer movement of the non-bilayer-preferring phosphatidylethanolamine from the inner to the outer leaflet of the sarcolemma is an additional factor in destabilizing the lipid bilayer, eventually leading to the irreversible membrane damage seen after a prolonged period of ischemia. (Circulation Research 1993;73:514-523) KEY WoRDs * neonatal rat cardiomyocytes * simulated ischemia * sarcolemma * phospholipid asymmetry * phosphatidylethanolamine * hexagonal,, phase * irreversible membrane damage An increasing body of evidence has shown that the development of myocardial membrane dysfunctioning plays an important role in the pathogenesis of ischemic myocardial cell injury.' It is known that ischemia induces a complex series of noxious alterations such as energy depletion, cellular acidosis, redistribution of cellular calcium ions, and accumulation of metabolic intermediates (eg, acyl-CoA esters, long-chain acyl carnitines, and lysophospholipids), which may all contribute to sarcolemmal dysfunction. However, the exact mechanism(s) underlying irreversible ischemic membrane damage remains to be established.
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To study molecular changes occurring in the sarcolemma, the probes to be used need to have free access to this membrane. This is not possible to achieve in the intact heart because of the endothelial barrier between the vascular space and the interstitial space. Therefore, one has to use isolated cell models, which have previously been successfully applied to studies on anoxiaand/or ischemia-like conditions.2-4 Since the sarco-lemma is the major focus of this study, the prerequisites are as follows: (1) The architecture of this membrane under control conditions should be known. (2) One should be able to isolate the sarcolemma after different experimental interventions. Cultured neonatal rat heart cells fulfill these requirements. They are the only myocyte system in which the sarcolemmal phospholipid topology is established5'6 and, in combination with the use of the so-called "gas-dissection" technique, it is possible to isolate the sarcolemma (in high purity and yield) in just a few seconds after ending the experimental protocol.5 '7 Caution must be exercised when extrapolating results from an in vitro situation to in vivo ischemia. In addition, developmental changes that occur in the sarcolemma when neonatal myocytes mature into adult cardiomyocytes could have important implications for mechanisms of membrane injury. Nevertheless, the system used in this study, ie, oxygen and volume restriction on isolated neonatal rat cardiomyocytes, gave rise to changes in various morphological, functional, and biochemical parameters that parallel those in Langendorff-perfused hearts and in vivo situations. The following observations are relevant: (1) (4) Freeze-fracture electron microscopy reveals rearrangements of lipids and proteins in the sarcolemma. After 60 minutes of "ischemia," there is a slight aggregation of the sarcolemmal intrinsic membrane proteins, indicating that phase separation occurs in the phospholipid matrix, which is accompanied by the extrusion of intrinsic membrane protein-free multilamellar membrane structures.3 (5) Redistribution of calcium within the myocardial cell occurs after 60 minutes of simulated ischemia.10 (6) Heat shock proteins are expressed after 30 minutes of "ischemia. "4 Simulating ischemia at the level of the individual cell offers useful opportunities for studying ischemia-induced progressive alterations in the organization of the sarcolemmal phospholipids. These specific modifications, as summarized above, have led to the proposal of a model that may explain the sequence of events eventually leading to membrane disruption.11"2 This model describes the previously observed lateral membrane reorganization in terms of a change in its physicochemical characteristics, and in this context, it has been postulated that acidification is the basis for such a membrane reorganization. Apart from this lateral membrane reorganization, it is possible that the specific transbilayer distribution of the phospholipids, which has been reported before,5 gradually changes after a prolonged period of ischemia because of both the ATP depletion and a disturbed interaction between the sarcolemma and the underlying cytoskeleton.3,' A first indication for such a rearrangement has already been reported. '3 In the present article, we report on a biochemical and structural study of 
Simulation of Ischemia
Ischemia was simulated by using a slightly modified in vitro model of Vemuri et al in which normal air can be easily replaced by an atmosphere of water-saturated argon (Ar 99.99 vol%). Control cells were incubated under normoxic conditions in buffer W (4 mL per dish). During the "ischemic" incubations, the extracellular medium of the cells was both nutrient deprived and volume restricted (2 mL buffer W without glucose per dish), as has been described previously.3
Cell Integrity
The integrity of the myocytes was checked both biochemically, by measuring the release of the cytosolic enzyme lactate dehydrogenase (LDH), and morphologically, by using scanning electron microscopy. The LDH activity of the supernatants was assayed as described by van der Schaft et al. 15 All measurements were done in duplicate, and the relative LDH release was determined by comparing the activities of the different supernatants with the activity of total cell homogenates. Cells cultured on collodion-coated Thermanox disks (12 mm 
Phospholipase Treatment
Cells were exposed to a mixture of bee venom PLA2 (Sigma) and Naja naja PLA, (Sigma) for 15 minutes at 37°C. Per dish, 5 IU of each enzyme was added in 4 mL buffer W, in which the CaCl, concentration was increased to 10 mM. At the end of the incubations, the dishes were first rinsed in buffer W and, subsequently, in this buffer with 50 mM EDTA (Merck) to arrest phospholipase activity. In addition, all supernatants were checked for LDH release.
Isolation of the Sarcolemma
The sarcolemma was isolated using the gas-dissection technique, which has previously been described by Langer et al.7 Briefly, the disk with attached cell monolayer was placed at the center of a mobile platform inside the dissection chamber. The platform, with disk, was then elevated to make firm contact with the protruding inner horizontal gas outlet. Subsequently, the inlet valve was opened rapidly (< 1 second) to allow the entry of N2 gas at a pressure of 1900 to 2000 psi. As the N2 stream bursts radially over the surface of the monolayer, the upper surface of the cells is sheared open, the cellular material is blown out, and the sarcolemma is left in a fenestrated layer and, in some areas, in a wrinkled or rolled form attached to the disks. The characterization of these membrane preparations by marker enzymes and transmission electron microscopy has been described by Post et al.5 Lipid Extraction
Extraction of the phospholipids was accomplished by immersion of the dishes with cells in 3 mL isopropanol (analytical grade, Merck). After 45 minutes, no residual phospholipids could be detected in the material that was left behind on the dishes. Thus, a standard immersion of 60 minutes ensured complete extraction. A small amount of plastic was extracted during this procedure.
The isopropanol extracts were dried under N, and purified according to Bligh and Dyer.16 Lipid Analysis
The total phospholipid content was determined after drying the different fractions under N2, destruction of the phospholipids by 70% perchloric acid (30 minutes at 180'C), ' (n=4). The data on both LDH release and total phospholipid content of the myocytes after different periods of simulated ischemia are shown in Table 1 . During the first 60 minutes of "ischemia," there was neither a significant LDH release (P>.2) nor a change in total phospholipid content, as compared with the control incubations with the same period of time. Fig 1 shows the morphology of the control cardiomyocytes as revealed by scanning electron microscopy. After 60 minutes of simulated ischemia, the morphology of the myocytes was comparable to that of the control cells, which is shown in Fig 2. In addition, the myocytes resumed spontaneous beating after reoxygenation.
However, beyond 60 minutes of simulated ischemia, the cardiomyocytes started to lose LDH (up to 18.5% after 120 minutes of "ischemia"), indicating loss of cell integrity, an event that was confirmed by scanning electron microscopic images (Fig 3) . The latter figure also shows that there was morphological heterogeneity after 120 minutes of simulated ischemia. Some of the cardiomyocytes had completely lost cell integrity; other myocytes appeared to be intact. However, this impression matched the LDH release of 18.5%. At the same Note that the sarcolemma is still intact. Bar-12gm.
Labeling With TNBS The distribution of TNP label in the HPTLC-separated phospholipids of both whole myocytes and their isolated gas-dissected sarcolemmal membranes after control and "ischemic" incubations is shown in Table 3 .
In control cells, 7 .7t0.7% of the total cellular PE was labeled by TNBS. No increase in this labeling was observed after 30 minutes of "ischemia" (not shown). However, after 60 minutes of simulated ischemia, the amount of PE labeled by TNBS increased significantly to 13.5+1.6% (P<.01). In addition, no labeling of PS was observed in either control cells or in cells subjected to 60 minutes of "ischemia." Furthermore, as shown in Tables 1 and 4 , no significant lysis was detectable during the 60 minutes of simulated ischemia or subsequent labeling with TNBS, as compared with the control incubations (P>.2). Since the percentage of cellular PE present in the sarcolemma of the neonatal rat cardiomyocyte is known, whereas only the PE present in the outer monolayer of the sarcolemma is labeled, the distribution of PE across the sarcolemmal bilayer can be calculated, as has been described in Post et al.5 Fig   4 shows the percentages of TNP-labeled sarcolemmal PE representing the PE in the outer membrane leaflet, calculated from the cellular data in Table 3 . In control cells, 21.4+2.0% of the sarcolemmal PE was labeled by TNBS, whereas after 60 minutes of simulated ischemia, this percentage was significantly increased to 37.3±4.3% (P<.01).
The percentages of sarcolemmal TNP-PE in the "purified," isolated gas-dissected membranes are also shown in Fig 4. The data in Table 3 on the sarcolemmal membranes, isolated after TNBS labeling, have been used to calculate these percentages according to Post et al. 5 After gas dissection of the control cells, 19 .8±5.5% of the sarcolemmal PE was found to be labeled by TNBS. This percentage was significantly increased to 40.6±7.8% after 60 minutes of "ischemia" (P<.03).
These data match those calculated from the cellular data and confirm that there is a real increase in the quantity of PE that can be labeled in the outer sarcolemmal phospholipid monolayer after 60 minutes of simulated ischemia.
Beyond 60 minutes of "ischemia," when significant release of LDH had occurred, we found that more of the PE was labeled than is present in the sarcolemma. Furthermore, labeling of PS was observed (not shown). This is in agreement with the loss of the sarcolemmal integrity, upon which TNBS has gained access to the intracellular milieu and will label cytosolic exposed PE and PS.
Phospholipase Treatment
As shown in Table 4 , during the subsequent 15 cocktail (from bee and Naja naja venom), no significant additional LDH release was found as compared with the incubation of the control cells (P>.2). This indicated that the action of the phospholipases remained restricted to the outer sarcolemmal membrane leaflet.
Furthermore, both PLA2s used have previously been shown to have free access to the entire sarcolemmal surface. 5 The results of the treatment with the PLA2 cocktail both in control cells and in cells after 60 minutes of simulated ischemia are shown in Table 5 . In addition, Fig 5 shows (P<.01). The hydrolysis of PE was quantitative, since during the 15-minute PLA2 incubation of control cells the same amount of PE was hydrolyzed as in our previous study in which we incubated the cells for 60 minutes and steady-state hydrolysis was reached.5 In addition, no hydrolysis of PS or phosphatidylinositol was observed. These data correspond well with the data from the labeling experiments with TNBS (shown in Fig   3) . Hence, both types of experiments demonstrate that, after 60 minutes of "ischemia," there is a real increase in the amount of PE exposed in the outer sarcolemmal membrane leaflet.
Discussion
In the sarcolemma of the myocardial cell, the phospholipids are asymmetrically distributed over the two (SL) trinitrophenyl (TNP)-labeled phosphatidylethanolamine (PE) present in the outer membrane leaflet after both control (60 minutes ofnormoxia) and "ischemic' (60 minuxtes of simulated ischemia) incubations, as derived from both the cellular data and the data of the isolated "gas-dissected"' membranes (Table 3 ). *P<.0] and **P~<.03 vs control incubations. monolayers.56 The negatively charged phospholipids PS and phosphatidylinositol are exclusively present in the cytoplasmic leaflet of the sarcolemma, which also contains 75% of the sarcolemmal PE. At present, the exact physiological role of this asymmetric distribution is not known. However, it has been proposed that the asymmetric distribution, via its effect on calcium binding, (PE) hydrolyzed by the phospholipase A2 "cocktail" after both control (60 minutes of normoxia) and "ischemic" (60 minutes of simulated ischemia) incubations, as derived from the data (Table 5 ). *P<.01 vs control incubations. ::
important factor with respect to excitation-contraction coupling in the myocardial cell. Furthermore, the activity of many plasma membrane transport proteins, such as the Ca2+-ATPase,21 the Na+-Ca+ exchanger,22 and the Na+-K+-ATPase,23 have been shown to be dependent on the phospholipid environment in which they are embedded. In this way, the asymmetric distribution might play an additional role in the physiology of the cardiomyocyte.
So far, the maintenance of this asymmetric distribution under normal conditions has not been studied in the cardiomyocyte. It has, however, been extensively studied in the red blood cell and in the platelet,24 which both exhibit a transverse phospholipid distribution in their plasma membranes that is very similar to that in the myocyte sarcolemma. Another possible explanation for our data can be considered. This is that that he increased susceptibility of of lateral phase separation of this lipid in the extracellular leaflet of the sarcolemma. Such a possibility implies that part of the PE present in the outer sarcolemmal monolayer is protected against both TNBS labeling and PLA2 hydrolysis. However, in a previous study in which we elucidated the transbilayer distribution of the sarcolemmal phospholipids in isolated neonatal rat cardiomyocytes, it was shown that in intact cells approximately 25% of the sarcolemmal PE could be hydrolyzed by PLA2, whereas 100% of the PE is degraded when isolated sarcolemma is incubated under exactly the same conditions.5 This result shows that the 25% sarcolemmal PE hydrolyzed in the intact cell represents all of the sarcolemmal PE exposed to the extracellular milieu. In addition, the observation that both labeling with a small molecule like TNBS and hydrolysis with two types of phospholipases give identical results makes the alternative explanation mentioned above very unlikely. Therefore, the increased labeling or hydrolysis of PE after 60 minutes of simulated ischemia, as observed in the present study, must be explained by an increased presence of PE in the outer sarcolemmal monolayer.
Intriguingly, recent experiments with metabolically inhibited neonatal rat cardiomyocytes, as induced by treatment of the cells with both iodoacetic acid and deoxyglucose, are also indicative of a changed sarcolemmal phospholipid asymmetry for PE.33 After 30 minutes of metabolic inhibition, when cellular ATP levels have decreased to less than 10% of control values, even up to 50% of the sarcolemmal PE can be labeled by TNBS, which suggests a complete loss of the asymmetrical distribution of PE over the two phospholipid monolayers. At the same time, no labeling of PS is observed.
Concerning the possible mechanisms that could be responsible for the loss of the asymmetrical distribution of sarcolemmal PE during simulated ischemia, we can speculate that, in analogy with the erythrocyte system, the decrease in cellular ATP results in a decrease in the activity of the aminophospholipid translocase.24,27 Furthermore, decreased ATP levels, intracellular acidification, and Ca2' redistribution could all affect the stability of the cytoskeleton, resulting in a loss of interaction between the primary amine-containing phospholipids and this protein network. 3"12,27,34,35 
